1. Introduction {#sec0005}
===============

One in five adolescents in the United States has obesity (body mass index---BMI---above the 95th percentile; [@bib0045]; [@bib0060]; [@bib0105]), with 8 % meeting criteria for severe obesity (BMI 120 % above the 95th percentile; [@bib0050]; [@bib0060]; [@bib0095]). Obesity poses increased risks for medical complications that have high morbidity ([@bib0095]), poor quality of life ([@bib0220]), cognitive deficits that are particularly relevant to adolescent development such as executive function ([@bib0140]), and worse academic achievement ([@bib0080]). Less well understood is the effect of obesity on episodic memory, the encoding and explicit retrieval of past experience, which is pertinent to both academic achievement ([@bib0070]) and feeding behavior ([@bib0185]). The hippocampus and surrounding tissue (termed medial temporal lobe -- MTL) subserve episodic memory and its high vulnerability to the negative effects of obesity and high-fat diets are well established in animal models ([@bib0030]; [@bib0085]). The MTL is posited to play a role in feeding behaviors through the integration of internal (e.g., hunger/fullness) and external (e.g., smell, food images) cues and information learned from previous experience ([@bib0090]; [@bib0185]). While parents report a higher number of memory problems in children with obesity relative to those with healthy weight ([@bib0075]), the extent to which the MTL and associated episodic memory functions are compromised in pediatric obesity has never been examined.

Animal studies suggest that the MTL may be more vulnerable to systemic and metabolic pathology associated with obesity due to its high potential for plasticity. In particular, obesity is associated with chronic, low-grade systemic inflammation, which contributes to elevated neuroinflammation ([@bib0125]; [@bib0180]) that is thought to be a primary mechanism for hippocampal dysfunction associated with obesity ([@bib0190]). Exposure to "Western Diets", marked by high levels of saturated fats and sugar, has been shown to result in increased hippocampal cell death, with long-term exposure resulting in impaired long-term potentiation, a form of synaptic plasticity subserving learning and memory ([@bib0065]). Diet-induced obesity has also been associated with reductions in spatial learning and memory, contextual fear conditioning, and use of interoceptive food cues ([@bib0065]). Importantly, juvenile and adolescent rodents are particularly vulnerable to western diets as they show hippocampal dependent learning and memory deficits even prior to the development of diet-induced obesity (reviewed in [@bib0135]). Given the potential deleterious effects of high-fat/high-sugar diets and obesity on MTL function and the importance of episodic memory and learning for academic achievement ([@bib0070]) and eating behavior ([@bib0090]; [@bib0185]), it is critical to understand whether severe obesity alters neural substrates of mnemonic processes in children.

Similar to the animal literature, there is consistent evidence for impaired episodic memory function in adults with obesity ([@bib0110]), however, firm conclusions about pediatric obesity cannot be drawn as only two studies included children. These two studies differ on materials (e.g., visual or verbal), type of memory (e.g., item memory or associative memory), and retrieval mode (e.g., recognition or recall) of testing. While no deficits in verbal recall were observed ([@bib0055]), greater total abdominal adipose tissue was associated with worse memory for both item and associative visual material ([@bib0100]). This association appeared to be driven by children with more severe adiposity because performance did not differ when comparing children with overweight or obesity to those with healthy weight. Together, this limited past work suggests that children with severe obesity may be at a higher risk for deficits in episodic memory for visual material. Thus, as the first study to examine the neural correlates of episodic memory in pediatric obesity, we focused on item and associative memory for visual materials in children with severe obesity.

Using functional magnetic resonance imaging (fMRI), we tested whether differences in neural functioning between adolescents with severe obesity and those without obesity mediated behavioral deficits in item and associative memory performance for visual scenes. We focused on adolescents with severe obesity because they are at highest risk for neurocognitive and health comorbidities. In order to minimize the influence of pubertal differences, we included adolescents who were 14 years old or higher. The one previous study in adults showed reduced frontal, temporal, and parietal activation during encoding in those with obesity, suggesting alterations are not limited to MTL ([@bib0020]). Thus, our experimental design aimed to address mnemonic processes tied to both MTL and widespread cortical regions. Specifically, we targeted visual item and associative memory in light of the [@bib0100] findings showing deficits in children with obesity. Item and associative memory were assessed with two modalities---fMRI for identification of encoding-related neural correlates supporting subsequent memory and standardized behavioral testing using the Wide Range Assessment of Memory and Learning (WRAML-II; [@bib0005]). For both modalities, item memory was assessed with yes/no recognition, a retrieval mode that is posited to draw upon familiarity-based processes mediated by the perirhinal cortex in the MTL ([@bib0165]; [@bib0215]). Associative memory was assessed via free and cued recall, retrieval modes that require retrieval of spatial-temporal contextual information known to draw upon recollection-based processes mediated by the hippocampus in the MTL and heteromodal cortical regions ([@bib0165]; [@bib0215]). fMRI was performed during encoding while children made indoor/outdoor judgments for visual scenes. Upon exiting the scanner, children performed indoor/outdoor judgments for a new set of scenes. Therefore, the location associated with the encoded scenes (inside or outside the scanner) differed across items. A yes/no recognition test was administered for the scenes and recall of the associated encoding location (inside/outside scanner) was tested for each recognized scene. The Wide Range Assessment of Memory and Learning (WRAML-II; [@bib0005]) measures yes/no item recognition (termed Recognition Index) and cued and free recall (Memory Index) for abstract designs and complex scenes. Together, parallel behavioral and brain imaging measures allowed us to test which neural correlates mediated obesity-related behavioral differences.

2. Materials and methods {#sec0010}
========================

2.1. Participants {#sec0015}
-----------------

Thirty-five adolescents (M = 16.5, SD = 1.2 range 14--18 yrs) with severe obesity (BMI 120% above 95^th^ percentile; n = 18) or without obesity (BMI \< 95^th^ percentile; n = 17) from Children's National Health System (CNHS) and the Washington, DC area participated following informed consent and assent, obtained according to the guidelines of the Institutional Review Boards at Georgetown University and CNHS. This subsample only partially overlaps with studies examining neurocognitive outcomes of bariatric surgery ([@bib0115]; [@bib0145]) due to size restrictions of the scanner. In order to reduce variability due to differences in pubertal status, adolescents rather than pre-adolescents were selected for this study. Inclusion criteria included full-scale IQ \> 75 (estimated from the vocabulary and matrix reasoning subtests of the Wechsler Abbreviated Intelligence Scale-II (WASI-II; [@bib0205]), and parent-reported absence of past or current diagnosis of Type 2 diabetes, metabolic syndrome, neurological disorder, and prescription for psychotropic medication. BMI was higher in adolescents with severe obesity than healthy weight, however, age, gender, IQ, years of maternal education, ethnicity, race, and annual family income did not differ across groups ([Table 1](#tbl0005){ref-type="table"}). Additionally, due to the partial overlap with the study examining impact of bariatric surgery, participants with severe obesity also met inclusion criteria for bariatric surgery.Table 1Participant Characteristics.Table 1ObeseNon-ObeseSample (Male), *N*18 (6)17 (7)Right Handed (Left), *N*15 (3)15 (2)Age, *yrs*, mean (SD)16.57 (1.23)16.34 (1.26)BMI, mean (SD)42.08 (5.78)\*\*\*21.53 (2.65)\*\*\*IQ, mean (SD)98.24 (13.17)104.53 (12.76)Maternal Ed, *yrs*,mean (SD14.00 (4.43)15.65 (2.57)Ethnicity, *N*Hispanic/Latino42Not Hispanic/Latino1315Not Reported10Race, *N*Black/African American96White/Caucasian59Other/Multiple42Not Reported00SES, *N*\>\$80,00088\$50,000-\$80,00044\<\$50,00065Not Reported00[^1]

2.2. Procedure {#sec0020}
--------------

Participants completed one fMRI session and a separate behavioral testing session, either on the same day or within a few days, during which a battery of neuropsychological tests was administered including the assessment of visual memory using the Wide Range Assessment of Memory and Learning-II (WRAML-II; [@bib0005]).

### 2.2.1. Anthropometrics {#sec0025}

At the first session, weight and height were measured in triplicate using a digital scale (Health-O-Meter Professional 394KLX) and stadiometer (SECA 216 Wall-mount Mechanical measuring rod). The average of these measurements was used for calculation of BMI (m^2^/kg). Participants wore light clothing that would be comfortable in the scanner (i.e., no buttons, snaps, zippers) and no shoes while weight and height were collected. Participants' weight status was characterized based on their BMI percentiles for age and sex. Participants with BMI under the 95th percentile were considered to not have obesity ([@bib0045]; [@bib0105]) while those with BMI 120% or more above the 95^th^ percentile were considered to have severe obesity ([@bib0050]; [@bib0095]). BMI, rather than BMI percentile, is reported in [Table 1](#tbl0005){ref-type="table"} because all participants with severe obesity had a BMI \>99th percentile. The participants with severe obesity were candidates for bariatric surgery at CNHS and therefore all had BMI \> 32, which is the minimum BMI for consideration of weight loss surgery in children at CNHS.

### 2.2.2. Wide Range Assessment of Memory and Learning-II {#sec0030}

The Design and Picture WRAML-II ([@bib0005]) subtests consisted of both free recall Memory and Recognition tests. For Design Memory participants viewed five abstract line drawings for 5 s and then were asked to draw what they could remember. Similarly, for Picture Memory participants viewed four complex scenes for 10 s and then were directed to mark parts of the scene that had been moved, changed, or added in a novel, similar picture. For Design and Picture Recognition subtests, participants indicated whether a series of line drawings or scene sections, respectively, were previously seen during the assessment or if they were new (i.e., not seen before). The WRAML-II provides scaled Memory and Recognition Indices, consisting of the combined scaled Design and Picture Memory and Recognition scores, respectively.

### 2.2.3. Subsequent memory paradigm {#sec0035}

The subsequent memory paradigm consisted of three phases, an fMRI-encoding phase with 46 scenes, followed by an out-of-scanner encoding phase with another set of 46 scenes, and then an item recognition and associative context recall test for the encoded stimuli. In the two encoding phases, participants were instructed to indicate with a button press whether serially presented color photographs (1.5 s) depicted indoor (right hand) or outdoor (left hand) scenes. Participants were not informed about the subsequent memory test. All stimuli were presented using E-Prime ([@bib0155]). For the fMRI-encoding phase, trial presentation was event-related with jitter optimized for selective averaging using OPTSEQ2 (<https://surfer.nmr.mgh.harvard.edu/optseq/>), resulting in a scan time of 6.13 min. Stimuli were viewed through a mirror mounted on the head coil and presented using a magnet-compatible projector. After the participant exited the scanner, they performed the second encoding phase with a novel set of 46 scenes (1.5 s, 0.5 s inter-stimuli interval) on a computer. Together, the two encoding phases provided two encoding contexts for the 92 total scenes (46 inside and 46 outside the scanner), which enabled the subsequent assessment of associative recall of context. Item recognition and associative context recall was assessed at least 20 min after the in-scanner encoding task and immediately after the out-of-scanner encoding task with a self-paced recognition memory task. Participants were instructed to identify 184 serially presented scenes (92 encoded and 92 foils) as "New" (i.e., not previously presented) or "Old" (i.e., scene was previously presented). For scenes identified as "Old", associative context recall was assessed by asking the participant whether they saw the scene while in the scanner or out of the scanner on the computer. The sets of scenes presented during the scan, outside the scanner, and as foils were counterbalanced across participants.

2.3. Acquisition parameters and preprocessing {#sec0040}
---------------------------------------------

Imaging was performed on a 3 T Trio Siemens scanner (Erlangen, Germany). A high resolution T1-weighted structural scan (MPRAGE) was acquired lasting 7.23 min with the parameters: TR/TE = 2300/2.94 ms, TI = 900 ms, 90-degree flip angle, 1 slab, 160 sagittal slices with a 1.0 mm thickness, FOV = 256 × 256mm^2^, resulting in an effective resolution of 1.03 mm isotropic voxels. The subsequent memory paradigm functional run was acquired using a T2\*-sensitive gradient echo pulse sequence with parameters: TR/TE = 2000/30 ms, 90-degree flip angle, 43 interleaved slices (width = 2.5 mm, gap width = 0.5 mm, effective width = 3 mm) ascending in the transverse plane, FOV = 192 × 192mm^2^. Slice acquisition was angled in the plane of the hippocampus to optimize medial temporal lobe signal. Head movement was minimized with padding between the head and coil.

Functional images were analyzed using SPM12 (Wellcome Department of Cognitive Neurology, London, UK). Preprocessing included discarding the first 4 TRs for signal stabilization, correction for motion as suggested by [@bib0210], slice-time correction, co-registration to each participant's MPRAGE, and smoothing with an 8 mm FWHM Gaussian kernel. Responses were modeled using a canonical hemodynamic response function convolved with trial onset vectors. Task contrasts were specified for the two mnemonic processes of interest: 1) Scene recognition: subsequently recognized \> forgotten scenes -- this contrast targets item memory which reflects familiarity-based processing and 2) Inside/outside scanner context recall: subsequently recognized scene and correct context recall \> subsequently recognized scene but forgotten context -- this contrast targets associative memory which reflects recollection-based processes. For each subject, the general linear model included the task contrast and 7 regressors of no interest: 6 realignment parameters derived to estimate the effect of head motion on signal ([@bib0210]) and 1 parameter which de-weighted volumes with greater than 1.5 mm motion scan-to-scan (STS). Participants were excluded from analyses if they had more than 10% of volumes with half a voxel (1.5 mm) or greater motion STS or had fewer than 5 scans per condition. The number of TRs included per condition (recognized: 11--41; forgotten: 5--35; recognized and context recalled: 8--35; recognized and context forgotten: 5--15) did not differ between groups, p's \> 0.21. These criteria resulted in retention of N = 15 per group for the item-recognition contrast and N = 10 per group for context-recall contrast. Deformation fields derived from participants' MPRAGEs were applied to contrast maps to normalize into MNI standard stereotaxic space.

2.4. Analytic approach {#sec0045}
----------------------

All behavioral analyses were completed in R ([@bib0160]) and all group imaging analyses were conducted using GLM Flex Fast2 (<http://mrtools.mgh.harvard.edu/>). Behavioral analyses first assessed group differences in memory performance. Imaging analyses then assessed group differences in activation using general linear models controlling for mean motion STS and age. Multiple comparisons were controlled for at p \< 0.05 with whole-brain Monte-Carlo simulations using 3dclustsim (2-sided, nearest neighbor 2; k = 121, p = 0.005; [@bib0035]). In order to determine if difference in activation for subsequently remembered scenes and context were associated with standardized assessment of memory function (i.e., WRAML-II), parameter estimates (i.e., beta values) were extracted from clusters showing significant group differences. In the presence of significant Pearson's r correlation (multiple comparisons controlled using false discovery rate; FDR) between subsequent memory activation and WRAML-II performance, a brain as mediator model was tested. Mediation analyses used non-parametric bootstrapping and bias-corrected and accelerated confidence intervals ([@bib0195]).

3. Results {#sec0050}
==========

3.1. WRAML-II {#sec0055}
-------------

In order to test for group difference across both performance indices assessed by the WRAML-II, an Index (Recognition, Memory) X Group (Non-Obese, Severe Obesity) analysis of variance was conducted. There was a trend level effect of Group (F(1, 55) = 3.46, p = 0.067) but no effect of Index (p = 0.285) or interaction (p = 0.248; [Table 2](#tbl0010){ref-type="table"}). As apparent in [Table 2](#tbl0010){ref-type="table"}, effect size for group difference was larger in magnitude for the Memory (d = 0.81) than Recognition Index (d = 0.18), which suggests that adolescents with obesity had greater difficulty with visual recall that draws upon recollection-based mnemonic processes than item memory, which relies on familiarity. Indeed, this was confirmed with separate t-tests for each Index, which showed significantly lower scores in adolescents with severe obesity than without obesity on the Memory Index but not Recognition Index; [Table 2](#tbl0010){ref-type="table"}).Table 2Performance on the Subsequent Memory Task and the Wide Range Assessment of Memory and Learning-II.Table 2ObeseNon-ObeseMean (SD)Mean (SD)d^a^*p*Subsequent Memory PerformanceIn-Scanner Scene Recognition Accuracy^b^, %53.38 (21.81)58.70 (15.66)0.280.412In-Scanner Scene Recognition Sensitivity^c^, d'1.82 (0.80)1.93 (0.50)0.160.630Out-of-Scanner Scene Recognition Accuracy^b^, %64.93 (20.90)63.04 (16.09)0.100.782Out-of-Scanner Scene Recognition Sensitivity^c^, d'2.14 (0.80)2.05 (0.60)0.130.720Context Recall Accuracy^d^, %74.24 (19.05)79.40 (8.79)0.420.267  WRAML-IIMemory Index86.83 (9.49)95.06 (10.71)0.810.022\*Recognition Index95.83 (12.53)98.65 (18.06)0.180.599[^2]

3.2. Subsequent memory paradigm {#sec0060}
-------------------------------

Groups did not differ significantly for item recognition memory (percent hits -- percent false alarms for scenes encoded inside or outside the scanner), recognition sensitivity (d'), or associated context recall (percent correct recall of location of encoding---in/out scanner; [Table 2](#tbl0010){ref-type="table"}). However, significant group differences in neural engagement were observed during encoding of subsequently recognized scenes and their associated context. During encoding of successfully recognized relative to forgotten scenes, adolescents with severe obesity showed reduced activation in frontal, MTL, and parietal regions relative to adolescents without obesity ([Table 3](#tbl0015){ref-type="table"}; [Fig. 1](#fig0005){ref-type="fig"}A). Clusters included right orbital frontal gyrus extending into the rectus, right hippocampal and parahippocampal gyri, and right inferior parietal lobule. The largest cluster consisted of bilateral superior parietal gyrus extending into right precuneus. It is important to note that subsequent recognition memory performance did not differ between adolescents with severe obesity and without obesity, suggesting that the observed neural engagement, albeit reduced, was adequate to support scene recognition subsequently.Table 3Regions showing group differences in activation during encoding of subsequently remembered scenes and their associated encoding context (location) at p \< .05, corrected.Table 3Scene Recognized \> ForgottenRegion (BA)HVolume^a^t^b^xyzNon-Obese \> ObeseSuperior Orbital Gyrus and Rectus (25, 11)R278−4.781220−18Parahippocampal Gyrus and Hippocampus (28, 35)R210−4.4428−34−10Inferior Parietal Lobule (40)R171−4.0646−4052Superior Parietal Gyrus and Precuneus (7)L/R613−4.85−14−6247−3.916−6662Location Recognized \> ForgottenRegion (BA)HVolume^a^t^b^xyzObese \> Non-ObeseSuperior and Middle Temporal Gyrus (21/22)L1345.00−58−304[^3]Fig. 1Activation differences during encoding of subsequently remembered scenes and their location context between adolescents with severe obesity and without obesity at p \< 0.05, corrected. A) Non-Obese \> Obese for remembered than forgotten scenes; B) Obese \> Non-Obese for remembered scenes and location than forgotten location.Fig. 1

In contrast, during encoding of successfully recalled than forgotten associative context (i.e., where the scene was encoded, inside/outside the scanner) for successfully recognized scenes, adolescents with severe obesity showed greater activation in left superior and middle temporal gyrus relative to adolescents with without obesity ([Table 3](#tbl0015){ref-type="table"}; [Fig. 1](#fig0005){ref-type="fig"}B). Greater engagement of lateral temporal cortex during encoding of associative contextual information suggests that group differences in mnemonic processing for visual associative recall extend beyond the MTL. Together, these results indicate that severe pediatric obesity is associated with atypical neural engagement during encoding for visual items and context information in MTL and cortical regions in the absence of memory deficits for the material.

3.3. Mediation analyses {#sec0065}
-----------------------

We tested whether observed group differences in Recognition and Memory WRAML-II indices were mediated by activation during scene and context encoding. Person's correlations were conducted to test whether group differences in activation subserving subsequent scene recognition and associative context recall were related to standardized assessment of recognition (Recognition Index) and associative recall (Memory Index). Parameter estimates (i.e., beta values) from the four regions that differed between groups during encoding of recognized than forgotten scenes were not correlated with the Recognition or Memory Indices (FDR corrected p's \> 0.526). In contrast, parameter estimates from the left lateral temporal cortex that showed a group difference during encoding of recalled than forgotten associative context for recognized scenes were negatively associated with the Memory (r =−0.73, FDR corrected p = 0.002) but not Recognition Index (FDR corrected p = 0.251). When tested as a mediator, left lateral temporal activation fully accounted for the association between Memory Index scores and severe pediatric obesity (indirect effect (95% CI): −12.55 (−24.77, −2.56), *p* =  0.020), with the effect of obesity status on Memory Index scores becoming non-significant after its inclusion ([Fig. 2](#fig0010){ref-type="fig"}). This suggests that differences in neural engagement subserving encoding of associative context accounts for obesity-related differences in standardized assessment of associative memory.Fig. 2Models testing for mediation of the effect of obesity on recall performance (measured by the Wide Range Assessment of Memory and Learning) by left lateral temporal cortex engagement during encoding of subsequently remembered relative to forgotten context associated with visual scenes. Standardized beta coefficients and standard errors are reported; \**p* \< 0.05 \*\**p* \< 0.01, \*\*\**p* \< 0.005.Fig. 2

4. Discussion {#sec0070}
=============

Our study examined the neural correlates of episodic memory in pediatric obesity and revealed functional neural alterations associated with severe obesity in adolescents that extended beyond the MTL. In this study, familiarity-based processing was operationalized by recognition of items via yes/no assessments while recollection-based processing was operationalized by free and cued recall requiring retrieval of spatial-temporal contextual information associated with those items. Standardized memory testing on the WRAML-II revealed a marginally significant impairment in adolescents with severe obesity, which was driven by significant differences in recall but not item recognition. Impaired associative memory but intact item memory in adolescents with severe obesity suggests that obesity alters recollection-based memory processing but leaves intact familiarity-based processing. In contrast to the standardized memory assessment, behavioral performance during fMRI revealed that groups did not differ in recognition of encoded scenes or recall of their associated context (i.e., inside or outside scanner location of encoding). Despite similar memory performance, adolescents with severe obesity showed reduced neural engagement in multiple regions during encoding of subsequently recognized scenes but increased engagement while encoding scenes whose encoding context was also subsequently recalled. Thus, despite limited behavioral differences, the neural substrates supporting item and associative memory were sensitive to the effects of pediatric obesity.

Behaviorally, discrepant results between the two memory assessments are likely due to differences in the extent to which strategic processing of context details was engaged. While the WRAML-II tested associative recall of intentionally encoded visual information that required reproducing entire abstract designs and selecting features of pictures, the subsequent recall of encoding context tested recall of one incidentally encoded associative context (in vs. out-of-scanner encoding). The intentional encoding of visual information during the WRAML-II likely resulted in the use of organizational or other strategies to promote recollection. Thus, the observed poorer recall when required to intentionally, but not incidentally, encode visual information suggests differences in the extent to which adolescents with and without obesity engage in strategic processes during encoding. In addition, obesity-related differences may relate to the amount of to-be-recalled information, which was greater for the WRAML-II tests and therefore evoked more extensive associative processing than that required to recall encoding location for the fMRI assessment. Nonetheless, our results call for a more comprehensive assessment of episodic memory to pinpoint the processes most vulnerable to obesity.

Adolescents with severe obesity showed reduced frontal, hippocampal, and parietal engagement during encoding of subsequently recognized than forgotten visual scenes relative to adolescents without obesity. The previous studies in adults used a Where-What-When task ([@bib0020], [@bib0025]) that had participants 'hide' items on visual scenes and intentionally encode their location so they could later remember. Similar to our results, adults with obesity showed reduced frontal-parietal and hippocampal engagement than adults with healthy weight during the encoding phase ([@bib0020]). The observed differences in parietal regions may be related to the use of vivid, colorful scenes during the task as these regions may impact episodic memory through the modulatory effect of attentional processing via direct projections to MTL and temporal and prefrontal cortices ([@bib0010]). Therefore, reduced engagement in parietal regions in adolescents with severe obesity may reflect altered visual-spatial attentional processing during encoding. Surprising, however, was the involvement of parahippocampal regions which are typically observed for encoding of contextual rather than item representations, ([@bib0130]; [@bib0165]). Perhaps deciding whether the image depicted an indoor or outdoor scene during the scan evoked spatial processing, also known to engage parahippocampal regions ([@bib0040]). The observed weaker neural engagement in adolescents with severe obesity was, however, sufficient to support subsequent recognition. It is possible that if memory for scenes was tested via free recall, deficits may have been observed. Additionally, weak activation on average may be a result of greater heterogeneity in activation loci among adolescents with severe obesity than among those without obesity. Together these findings show that despite preserved recognition memory for the encoded visual information, severe pediatric obesity was associated with under engagement of regions subserving mnemonic functioning.

In contrast to findings related to subsequent recognition, adolescents with severe obesity showed greater left lateral temporal engagement during encoding of subsequently recalled than forgotten associative context relative to adolescents without obesity, despite similar levels of performance. Although typically associated with processing of verbal and semantic information ([@bib0015]), a meta-analysis showed that left lateral temporal activation has been consistently associated with both successful encoding and retrieval across studies using verbal and visual stimuli ([@bib0175]). A study that aimed to examine encoding of item features (e.g., color, location presented on screen) showed that lateral temporal activation was related to subsequent memory for item locations but not color ([@bib0200]). Additionally, worse contextual recall and greater left lateral temporal engagement has been observed in elderly relative to young adults ([@bib0120]). Although there were no performance differences in associative context recall between groups in the present study, greater temporal engagement was associated with worse recollection-based performance during standardized testing. Whether the greater reliance on temporal cortex during encoding reflects more effortful encoding or suppression relative to baseline cannot be discerned and should be probed in future work. Although memory processes related to context are thought to be subserved by prefrontal cortex and parahippocampal and hippocampal gyri ([@bib0165]), we did not find any differences in encoding related to context in frontal or MTL regions. This may be due to the fact that the subsequent memory paradigm tested differences in incidental encoding of testing location rather than intentional or strategic encoding of contextual information related to the stimuli. Perhaps intentional encoding of encoding context may have engaged frontal and MTL regions. Greater engagement of lateral temporal cortex during encoding of contextual information suggests that differences in recollection-based memory processing extend beyond the MTL.

Obesity-related differences in recollection-based performance on standardized testing were related to obesity-related differences in neural engagement observed during encoding for associated context. Despite no differences in recollection-based memory for the subsequent memory paradigm, standardized testing revealed worse recollection-based recall but not familiarity-based recognition in adolescents with than without severe obesity. The lack of performance differences between groups in the subsequent memory paradigm was likely due to the fact that the subsequent recall task was designed to elicit roughly equal numbers of remember and forgotten stimuli to optimally model neural engagement rather than to challenge mnemonic ability. Importantly, neural engagement identified by modeling recalled than forgotten associative context was related to performance on the WRAML-II such that greater lateral temporal activation was associated with worse Memory Index scores. Together, these findings provide initial evidence that differences in functional neural systems subserving recollection-based processing can explain recollection-based deficits associated with pediatric obesity on standardized assessments.

Although our study provided initial evidence of altered neural processing and visual memory function in adolescents with severe obesity, some limitations should be noted when interpreting the results. First, all analyses were correlational in nature, thus, whether these results reflect causal factors or consequences of obesity is unknown. While this would be true of any fMRI study, designs that incorporate interventions for obesity are necessary to examine causal weight-related effects on brain function and behavior. Second, due to data loss due to head motion and performance criteria necessary for a subsequent memory design (e.g., comparable remembered and forgotten items), the small sample size of our study limits generalizability of the observed results. Therefore, these findings should be considered as preliminary evidence and may serve to generate hypothesis for future studies. Indeed, replication of the observed results is necessary in larger samples of adolescents with and without severe obesity. Participants with severe obesity pose a special challenge for neuroimaging studies due to constraints of magnet bore size because children with BMI greater than 50 could not fit within the bore. Third, we did not have measurements of diet and physical activity, which would have been useful to examine as secondary variables of interest or as mediators for the observed effects on brain activation. Further, studies have observed that other indices of adiposity such as waist and neck circumference may account for variance in metabolic function better than BMI ([@bib0170]), and therefore, may have been more sensitive to variance in mnemonic functioning. We did not have these measures but urge their inclusion in future studies. Fourth, although the adolescents with severe obesity were not previously diagnosed with diabetes, it is possible that some adolescents with severe obesity had subclinical effects on organ systems. Obesity results in low-grade, systemic inflammation, which can lead to neuro-inflammation that has the potential of negatively impacting neural ([@bib0125]) and cognitive functioning ([@bib0150]). Indeed, when non-diabetic young adults were split into high and low fasting-insulin groups, those with relatively higher fasting-insulin showed decreased engagement in parietal and medial temporal regions during spatial-temporal encoding ([@bib0020]). In order to disentangle causes and consequences of pediatric obesity related to mnemonic functioning, future studies should incorporate physiological measures (e.g., insulin, inflammation) in longitudinal or intervention (e.g., weight loss) designs. The extent to which episodic memory and the observed substrates respond to weight loss interventions is important to examine, in light of its critical contribution to educational achievement and adaptive functioning in adolescence.

5. Conclusion {#sec0075}
=============

This was the first study to examine the neural substrates of memory in adolescents with and without severe obesity. A subsequent memory design was employed which enables isolation of encoding-related neural substrates that lead to subsequent recognition of visual scenes and their encoding context. Results indicate that functional neural alterations in pediatric obesity extend beyond hippocampal regions, which have been strongly implicated in animal models of obesity, to include frontal, parietal, and lateral temporal cortices. Standardized memory testing suggested deficits of recollection-based mnemonic processing which were mediated by greater lateral temporal recruitment. Altered neural and memory function in severe pediatric obesity has the potential to impact not only scholastic and adaptive functioning, but also regulation of eating behavior. Further research is needed to elucidate the potential causes and consequences of neurocognitive deficits in pediatric obesity.
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[^1]: Group differences tested with t-tests or Fisher\'s Exact test; \*\*\*p \< 0.005; BMI: body mass index.

[^2]: a: Cohen's d. b: Corrected accuracy is reported for Scene Recognition: % correctly recognized - % False Alarms for scenes displayed in scanner. c: d' is a measure of sensitivity to the difference between 'old' (target) and 'new' (distractor) images. d: Context Recall Accuracy: % of recognized scenes where location was also correctly recognized. WRAML-II: Wide Range Assessment of Memory and Learning-II; ^†^*p* \< 0.10.

[^3]: a: volume measured in mm^3^; b: peak t-value derived from the general linear model. BA: Brodmann\'s Area; H: hemisphere.
